This study represents the first shear-wave splitting investigation of the Okavango rift zone (ORZ), an incipient continental rift belonging to the East African rift system in northern Botswana. Analysis of broadband seismic data recorded along a 750 km long profile of 22 stations traversing the ORZ and adjacent Congo and Kalahari cratons and several Precambrian orogenic zones reveals dominantly NE-SW fast orientations, which are parallel to both the absolute plate motion direction (based on the NNR-NUVEL-1A model) and the trend of most tectonic boundaries, including that of the ORZ. Spatial coherence analysis of the splitting parameters and correspondence between the observed fast orientations and the trend of tectonic features indicate that the main source of observed anisotropy is most likely in the upper asthenosphere, probably due to simple shear associated with the relative movement of the lithosphere against the asthenosphere. The presence of consistently rift-parallel fast orientations and normal splitting times in the ORZ and most parts of southern Africa implies that neither an upper mantle plume nor small-scale convection is the dominant source for rift initiation and development. The first shear-wave splitting measurements in the vicinity of the ORZ favor a model in which continental rifting develops in response to intra-plate relative movement of continental blocks along zones of weakness produced by ancient tectonic events.
This study represents the first shear-wave splitting investigation of the Okavango rift zone (ORZ), an incipient continental rift belonging to the East African rift system in northern Botswana. Analysis of broadband seismic data recorded along a 750 km long profile of 22 stations traversing the ORZ and adjacent Congo and Kalahari cratons and several Precambrian orogenic zones reveals dominantly NE-SW fast orientations, which are parallel to both the absolute plate motion direction (based on the NNR-NUVEL-1A model) and the trend of most tectonic boundaries, including that of the ORZ. Spatial coherence analysis of the splitting parameters and correspondence between the observed fast orientations and the trend of tectonic features indicate that the main source of observed anisotropy is most likely in the upper asthenosphere, probably due to simple shear associated with the relative movement of the lithosphere against the asthenosphere. The presence of consistently rift-parallel fast orientations and normal splitting times in the ORZ and most parts of southern Africa implies that neither an upper mantle plume nor small-scale convection is the dominant source for rift initiation and development. The first shear-wave splitting measurements in the vicinity of the ORZ favor a model in which continental rifting develops in response to intra-plate relative movement of continental blocks along zones of weakness produced by ancient tectonic events.
Introduction
Continental rifting constitutes the transition from stable continental lithosphere into an ocean basin. Numerous studies suggested that continental rifting is either induced by active mantle upwelling associated with deep mantle plumes (active rifting), or by horizontal motion of plates and their interaction along plate boundaries (passive rifting; Sengor and Burke, 1978; Hill, 1991) . These contrasting models of continental rupture are primarily assembled from observations of mature rift zones. In contrast, knowledge of rifting mechanisms and the associated characteristic lithospheric and asthenospheric structure and dynamics beneath incipient rift zones, such as the Okavango rift zone (ORZ) in northern Botswana, is severely limited.
The ORZ (Fig. 1) is one of the youngest continental rifts in the world with an estimated initiation of surface rupture between 120 and 40 ka (Kinabo et al., 2008) and thus is an ideal locale to study the characteristics of earliest-stage rifting mechanisms. Situated at the southwestern terminal of the East African rift sys- Fig. 1 . A topographic map of southern Africa showing the major tectonic provinces and station-averaged shear-wave splitting measurements from this (blue dots and red bars) and previous (black triangles and bars) studies (Vinnik et al., 1996; Barruol and Ismail, 2001; Silver et al., 2001) . Black circles represent null measurements. The Okavango rift zone is highlighted by the grey infilled area. Green arrows represent the APM direction based on the NUVEL-1A model (DeMets et al., 1994) . Major tectonic boundaries are plotted as white lines modified from McCourt et al. (2013) . LB: Limpopo belt. Note that the Kaapvaal and Zimbabwe cratons and the Limpopo belt are components of the Kalahari craton. The inset shows the location of southern Africa indicated by the red rectangle and the blue lines represent the rift axes of the East African rift system. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ting parameters, including the polarization orientation of the fast component (fast orientation or φ), and the splitting time between the fast and slow components (splitting time or δt). The former is an indicator of the orientation of the anisotropic structure, and the latter measures the strength of anisotropy integrated over the whole raypath from the core-mantle boundary to the recording station.
Seismological and petrophysical studies (e.g., Silver, 1996; Debayle and Ricard, 2013) have indicated that the dominant contribution to splitting parameters lies primarily within the upper mantle. Several mechanisms have been postulated to produce observed tectonic-scale observable anisotropy. Based upon the strong correlation between splitting parameters and surficial geologic features, seismic anisotropy has been proposed to exist in the lithosphere due to fabrics generated by vertically-coherent lithospheric deformation (Silver, 1996; Silver et al., 2001) , or lithosphere-scale magmatic dikes (Gao et al., 1997) . Alternatively, seismic anisotropy may be induced by present-day upper-mantle flow either as a consequence of simple shear between the rigid lithosphere and mobile asthenosphere, which in turn would produce anisotropy parallel to the absolute plate motion (APM), if the direction of the shear is the same as the APM direction (e.g., Vinnik et al., 1996; Barruol and Ismail, 2001; Gao et al., 2010; Lemnifi et al., 2015) , or by small-scale mantle convection (e.g., Gao et al., 1994; Koch et al., 2012) . A recent global-scale surface wave azimuthal anisotropy study (Debayle and Ricard, 2013 ) suggested a weak correlation between APM and fast orientations for plates moving at a rate slower than 2.5 cm/yr; such a correlation increases rapidly for plates moving between 2.5 and 5.5 cm/yr, and saturates for those moving faster than 5.5 cm/yr (see Fig. 6 of Debayle and Ricard, 2013) . Note that according to the no-net rotation (NNR) NUVEL-1A model (DeMets et al., 1994) , the African continent moves at a rate of 2.8-3.2 cm/yr toward the northeast, and thus the APM is expected to be marginally correlated with the fast orientations if the relationship revealed by Debayle and Ricard (2013) applies precisely for Africa.
SWS studies have been widely conducted in numerous regions of continental rifting affinities. Consistently rift-parallel fast orientations and splitting times substantially larger than the global average of 1.0 s (Silver, 1996) were obtained for the Afar and Main Ethiopian (Gashawbeza et al., 2004; Kendall et al., 2006; Gao et al., 2010) , eastern African (Bagley and Nyblade, 2013) , Rio Grande (Sandvol et al., 1992; Liu et al., 2014; , and Baikal (Gao et al., 1997) rifts. Such rift-parallel anisotropy has been attributed to a number of mechanisms, including rift-parallel mantle flow (Sandvol et al., 1992; Gao et al., 2010; Bagley and Nyblade, 2013) , lithospheric fabrics formed by past tectonic events (Gashawbeza et al., 2004) , and rift-parallel lithospheric dikes (Gao et al., 1997) . Rift-orthogonal anisotropy observed in the flanking area of the Baikal rift was hypothesized as reflecting the horizontal branches of a small-scale mantle convection system (Gao et al., 1994 (Gao et al., , 1997 .
In general, most modern continental rift zones are associated with rift-parallel fast orientations. Major exceptions to this observation include the Baikal rift zone and the Red Sea which has partially transitioned into an oceanic spreading center. Recent SWS studies Lemnifi et al., 2015) in northern Africa and Arabia revealed N-S fast orientations on both sides of the Red Sea, which has a nearly NW-SE strike. Such N-S orientated anisotropy observed in northern Africa and Arabia was proposed to be the result of simple shear developed in the boundary layer between the lithosphere and the asthenosphere formed by long-term northward motion of the African plate relative to the asthenosphere Lemnifi et al., 2015) .
Splitting measurements are absent in the vicinity of the ORZ due to the heretofore paucity of broadband seismic data. Previous measurements in southern Africa were concentrated on the Kaapvaal and Zimbabwe cratons and the Limpopo belt (Fig. 1 ). An investigation by Vinnik et al. (1996) at 7 stations on the Kaapvaal craton revealed NE-SW oriented fast orientations, which are parallel to the APM direction of Africa since the Jurassic computed based on the NNR-NUVEL-1A model (DeMets et al., 1994) , and were therefore interpreted to be the result of APM induced asthenospheric flow. Subsequently, Silver et al. (2001) used a much larger data set recorded at 79 sites in southern Africa and proposed that the observed anisotropy is the result of vertically-coherent lithospheric deformation. Surface-wave studies beneath southern Africa suggested that azimuthal anisotropy varies with depth, implying the presence of anisotropy both in the lithosphere and asthenosphere (Adam and Lebedev, 2012) .
This study is part of a multi-disciplinary investigation of the incipient segments of the EARS . Our main objective is to present results from the first examination of mantle anisotropy using SWS in the vicinity of the ORZ in order to provide constraints on models of rift initiation and anisotropy formation. In doing so, we explore possible relationships between the observed anisotropy with predicted directions of rifting-related mantle flow, the direction of present-day plate motion, and the dominant trend of Precambrian tectonic boundaries.
Data and methods

Data
The broadband seismic data used in the study were recorded by 17 Seismic Arrays for African Rift Initiation (SAFARI) stations that we installed and operated for a two-year period starting from the summer of 2012 . Data recorded by five stations belonging to the 1997-99 Southern African Seismic Experiment (SASE; Silver et al., 2001 ) situated immediately within our study (Kinabo et al., 2008) . SAFARI stations are shown as blue dots and SASE ones as black triangles. The inset in the upperright corner displays the location of the study area while the one in the lower-left corner shows the distribution of earthquakes (red circles) used in the study. The green star near the SE border of the ORZ marks origin point (zero distance) in (a) and (b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) area are also used. One of the SAFARI stations, B1665, is located about 1 km away from SASE station SA65 (Fig. 2) . The total length of the profile is about 750 km (Figs. 1 and 2). XKS waveforms were requested from the Incorporated Research Institutions for Seismology (IRIS) Data Management Center (DMC). The epicentral distance range for PKS, SKKS, and SKS is 120-180 • , 95-180 • and 84-180 • , respectively . We apply a cutoff magnitude of 5.6 for events shallower than 100 km while allow for magnitudes from deeper events as low as 5.5 for the purpose of taking advantage of sharper waveforms.
To identify and correct for possible sensor misorientation, we apply the technique developed by Niu and Li (2011) to minimize the P-wave energy on the transverse component. We begin by manually picking the first arrival of the direct P-phase on the vertical component for events recorded by no fewer than 5 stations. The optimal orientation of the N-S component corresponding to the minimum P-wave energy on the transverse component is found using a grid-search algorithm, and is subsequently used to correct for station orientation prior to SWS analysis.
Measuring shear-wave splitting parameters
SWS parameters were calculated using the procedure of Liu and Gao (2013) which was based on the method of minimization of transverse energy (Silver and Chan, 1991) . The seismograms were first windowed to include the theoretical arrival of the individual XKS phases and then enhanced by applying a band-pass filter with corner frequencies of 0.04-0.5 Hz. All the SWS measurements were visually verified and, if necessary, various adjustments were applied to the beginning and end times of the XKS window, quality ranking, and/or band-pass filtering frequencies to ensure reliability .
Following the evaluation criteria of Liu and Gao (2013) , we ranked well-defined splitting measurements as either A (outstanding) or B (good) for use in the following SWS analyses. We also analyzed the data set for null measurements, which are characterized by a lack of observable energy on the transverse component concurrent with a strong XKS arrival on the radial component. Situations wherein the backazimuth (BAZ) is parallel or perpendicular to the fast orientation, or the sub-station crust and mantle are isotropic, can all result in null measurements (Silver and Chan, 1991; Liu and Gao, 2013) . As shown in Fig. 2 , well-defined splitting parameters were observed at all stations in the study area, suggesting the existence of pervasive anisotropy. Consequently, null measurements will not be discussed below.
Anisotropy depth determination
The epicentral distance of the SKS, SKKS, and PKS arrivals used in the study is equal to or greater than 84 • , 95 • , and 120 • , respectively. For SKS, this corresponds to a ray parameter of 6.532 s/degree or smaller, and an angle of incidence of smaller than 16 • at 200 km depth measured from the vertical. Similarly, the maximum angle of incidence at 200 km depth for the SKKS and PKS phases is about 18 • and 5 • , respectively. Therefore, the XKS phases arrive at a steep angle of incidence and thus have an excellent lateral but poor vertical resolution, resulting in uncertainties and debates in the tectonic interpretations of the observed SWS measurements.
A technique commonly employed to estimate anisotropy depth is the intersecting Fresnel-zone approach (Alsina and Snieder, 1995) which is based on the analysis of the size for the first Fresnel zones of close-proximity XKS raypaths. However, such a technique is limited to the case wherein significant lateral variations in seismic anisotropy exist between nearby stations, or when a station samples two regions with different splitting parameters (see Lemnifi et al., 2015 for an example in Libya).
In this study, we apply a more generalized and quantitative extension of the intersecting Fresnel zone approach based on the spatial coherency of splitting parameters (Liu and Gao, 2011) . This technique employs the idea that the observed splitting parameters will reach the highest spatial coherency if the assumed anisotropy depth is correct.
The optimal anisotropy depth is searched in the range of 0 to 350 km at an interval of 5 km. It corresponds to the minimum spatial variation factor (F v ), which is defined in Eqs. (4)- (7) in Liu and Gao (2011) . The block size (dx) used to calculate the F v should be given a proper value due to the fact that smaller dx will bring unstable F v depth variations and uncertainties, while larger dx leads to a broadened F v curve and reduces the peak-to-peak amplitude (Liu and Gao, 2011 Table 1 shows the optimal orientation of the N-S component of the 3-component sensor for each of the 22 stations. The magnitude of the orientation ranges from −16 to 5 • clockwise from the north, with a simple mean of −3 ± 1 • . The overwhelmingly negative values of the resulting orientation were most likely the consequences of inadequate correction of the declination of the geomagnetic field, which is about −9 • in the study area.
Results
Sensor orientation correction
After the application of station orientation correction, the quality of the resulting SWS measurements at stations with misoriented sensors is noticeably improved. Fig. 3 shows an example of the improvement for station B07DX. When the uncorrected data are used for SWS analysis, remaining XKS energy on the corrected transverse seismogram is observable, and the match between the fast and slow components is poor and is accompanied by weak linearity of the corrected particle motion (Fig. 3A) . All of these features are indicators of sensor misorientation, as discussed in Liu et al. (2008) . The post orientation correction measurement is substantially improved in terms of the removal of transverse energy, the matching of the fast and slow waveforms, and the linearity of the particle motions (Fig. 3B) .
Spatial distribution of XKS splitting parameters
A total of 223 pairs of Quality A or B splitting parameters were obtained at the 22 stations, including 73 PKS, 58 SKKS, and 92 SKS measurements from a total of 91 teleseismic events (Fig. 2c) . Examples for each of the three XKS phases are demonstrated in Fig. 4 . No systematic azimuthal variations of the splitting parameters are observed (Fig. 5) , suggesting that a single layer of anisotropy with a horizontal axis of symmetry is sufficient to explain the observed SWS parameters (Silver and Savage, 1994) . The fast orientations are dominantly NE-SW with an average value of 37.5 ± 20.6 • (Figs. 1 and 2, Table 2 ), which is consistent with the APM direction of the African plate in the study area based on the NNR-NUVEL-1A model (DeMets et al., 1994) . The mean splitting time is 1.09 ± 0.34 s and is comparable with the global average of 1.0 s for continents (Silver, 1996) , but is larger than the 0.62 ± 0.02 s observed at the 59 non-null SASE stations (Silver et al., 2001 ). Under the assumption of a 4% anisotropy (Mainprice et al., 2000) , the thickness of the anisotropy layer that produces the observed anisotropy is about 120 km on average. Based on the location of the tectonic boundaries (Begg et al., 2009; McCourt et al., 2013) and the characteristics of the observed splitting parameters, we divide the measurements into 4 groups (Fig. 2a) . The 7 measurements in Area A (Figs. 5a and 5b) (Figs. 5e and 5f ).
The mean splitting parameters are 27.3 ± 17.4 • and 1.13 ± 0.40 s.
The most significant spatial variation of the splitting parameters in the entire study is found near the SE end of Area C (Fig. 2a) . Area D belongs to the Kalahari craton (mostly the Limpopo belt). It has 85 measurements (Figs. 5g and 5h ) and the mean splitting parameters are 50.16 ± 15.7 • and 1.04 ± 0.30 s.
Relationship with SWS studies from adjacent areas
All of the previous studies in adjacent areas reported their results in the form of station-averaged parameters, which are largely consistent with those obtained at 22 stations measured by this study (Fig. 1) . Barruol and Ismail (2001) used African IRIS and Geoscope permanent stations to investigate upper mantle anisotropy, including station TSUM in Namibia near the southern border of the Congo craton as well as station LSZ in Zambia northeast of the ORZ (Fig. 1) . Both LSZ and TSUM display SWS parameters consistent with our findings, i.e., a nearly NE-SW fast orientation (16 • and 31 • , respectively) and small splitting time (0.73 s and 0.43 s, respectively) without evidence of azimuthal variations. Similarly, relatively small splitting times are observed for the SAFARI stations near the Congo craton (e.g., B14MH and B13NX) while relatively larger splitting times are reported for stations within the ORZ (about 1.12 s on average).
Among the 17 SAFARI stations, three (B01KR, B02LT, and B1665) are within the study area of the SASE project (Silver et al., 2001 ). The resulting SWS parameters from the three SAFARI stations are remarkably consistent with those from the five SASE stations along the profile (Silver et al., 2001) . The average fast orientation and splitting time of the five SASE stations are 53.4 ± 14.6 • and 1.07 ± 0.25 s, while those of the three SAFARI stations are 48.2 ± 15.7 • and 1.03 ± 0.35 s. The individual SWS measurements demonstrating an approximate E-W fast orientation are similar with the station-averaged SWS measurements obtained by Silver et al. (2001) from other SASE stations within the Limpopo belt (Figs. 1  and 2 ).
Discussion
Depth of anisotropy
Several conditions must be satisfied prior to applying the anisotropy-depth estimation technique (Liu and Gao, 2011) , the first of which is the compilation of a high-quality data set of individual (rather than station-averaged) splitting parameters, and the other is that there must exist a significant but smooth spatial variation in the splitting parameters which should simultaneously signify a single layer of anisotropy (Liu and Gao, 2011) . We find that the observed SWS measurements in Area C possess significant spatial variations (Fig. 2a) and satisfy the other conditions mentioned above, and can be used to estimate the depth of anisotropy. The depths corresponding to the minimum variation factor on the resulting F v curves (Fig. 6 ) calculated using the spatial coherency technique suggest that the optimal depth of the center of the anisotropic layer is approximately between 240 and 280 km, which is similar to the lithospheric thickness based on the tomography results for southern Africa (James et al., 2001) . Beneath the vicinity of the ORZ, magnetotelluric studies suggested a lithospheric thickness of about 180 km (Miensopust et al., 2011) , and surface wave tomography revealed a similar thickness of 180-220 km (Fishwick, 2010) . Thus it can be safely concluded that the anisotropy originates primarily from the upper asthenosphere beneath the ORZ, which is similar to the conclusion proposed by Vinnik et al. (1996) for the Kaapvaal craton. It must be mentioned that due to a lack of spatial variations of the splitting parameters in Areas A, B, and D, the depth of the source of (Liu and Gao, 2011) , resulting in an optimal depth of anisotropy between 240 and 280 km. The triangle on each of the curves marks the depth with the minimum variation factor. the observed anisotropy cannot be estimated beneath these areas; however, as discussed below, although lithospheric contributions cannot be completely ruled out, the observations can best be explained if they have an asthenospheric origin.
Constraints on rifting mechanisms
The similarity between the APM direction and the trend of most of the tectonic boundaries in the study area makes it difficult to distinguish a lithospheric origin from an asthenospheric one. In addition to the results of depth estimation, which favors an upper asthenospheric origin, another piece of evidence arguing against a dominantly lithospheric origin can be found along the boundary between the Zimbabwe craton and the Limpopo belt (Fig. 2) , where all the fast orientations are almost orthogonal (rather than parallel, as expected for a lithospheric origin) to this major tectonic boundary. Additionally, the ORZ, which is characterized by a relatively thin lithosphere compared to the adjacent cratonic terranes based upon magnetotelluric and tomographic studies (James et al., 2001; Miensopust et al., 2011) , exhibits slightly larger splitting times than the Kalahari craton. One would expect to observe smaller splitting times in regions with thin lithosphere if the anisotropy is the result of uniform strain pervading the continental lithosphere (Silver and Chan, 1991) . This interpretation is also consistent with the fact that the SASE stations (Silver et al., 2001) , most of which overlie the thicker lithosphere of the Kalahari craton, show smaller splitting times with a mean value of 0.62 ± 0.02 s (and about 1/4 of the stations show no splitting) relative to the SAFARI stations (1.09 ± 0.34 s).
In the following, we examine a number of possible geodynamic models for the initiation and development of continental rifting, under the assumption that the observed anisotropy primarily re-flects simple shear in an approximately 120 km thick layer in the upper-most asthenosphere.
Active rifting
Active rifting models (e.g., Sengor and Burke, 1978) advocate the dominant role of mantle flow, presumably associated with a mantle plume, on continental breakup. For a stationary lithosphere relative to the asthenosphere, the horizontal component of the flow system is expected to have a pattern that is radiating away from the center of the plume, and for a moving lithosphere, a parabolic pattern is predicted (Karato et al., 2008) .
The existence of such a plume beneath the ORZ is possible, due to the fact that the ORZ is developing directly above the proposed African superplume (Ritsema et al., 1998; Hansen et al., 2012) . The expected radiating or parabolic pattern of the fast orientations, however, is not observed beneath the ORZ or in southern Africa (Fig. 1) , leading to doubts about the existence of an active mantle plume beneath the area. Such a conclusion is consistent with the observations of normal mantle transition zone thickness using the same dataset , as well as results from seismic tomography studies suggesting that the Superplume beneath southern Africa is limited in the lower mantle (e.g., Ritsema et al., 1998) .
Edge-driven mantle convection
The thin lithosphere beneath the ORZ relative to the Congo craton could induce a small-scale mantle convection system due to lateral temperature variations (King and Anderson, 1998) . This mechanism has been used to explain the formation of zones of continental extension such as the Cameroon volcanic line (Koch et al., 2012) , although other mechanisms such as three-dimensional convective instability at the base of the lithosphere (Fourel et al., 2013) have been proposed to explain volcanisms along the edge of the Congo craton. If this process contributes significantly to the observed anisotropy, the fast orientations in the vicinity of the ORZ should be mostly orthogonal to the trend of the rift. We observed dominantly rift-parallel fast orientations and thus conclude that edge-driven small-scale convection is not the source of the observed anisotropy.
Rifting induced by intra-plate relative motion
The ORZ is developing primarily within the Damara orogenic belt between the Archean Congo and Kalahari cratons. The consistently NE-SW fast orientations are largely in agreement with those observed in surrounding areas. Though the African plate has a general northeastward motion based on the NUVEL-1A model (DeMets et al., 1994) , it has been suggested that South Africa is currently rotating clockwise relative to the Nubian plate, probably along the Damara belt (Malservisi et al., 2013) .
Numerical modeling shows that topography of the lithosphereasthenosphere boundary exerts a strong control on the direction and magnitude of stress transfer from the asthenosphere to the lithosphere (O'Neill et al., 2010) . In addition, increased plate-mantle coupling beneath thick continental lithosphere may increase plate-driving forces, surface deformation, and mantlederived lithospheric stresses in these regions (Conrad and LithgowBertelloni, 2006) . Therefore, contrasts in lithospheric thickness between the Congo craton, the ancient orogenic belts, and the Kalahari craton can possibly lead to differential basal drag forces beneath different areas, leading to spatially-varying plate motion velocities. The relative movements between the Archean cratons could rupture ancient zones of lithospheric weakness such as the Damara belt and exert a trans-tensional force upon the lithosphere, resulting in the initiation of continental rifting. This is consistent with the observation that most rifts develop within weak orogenic zones (Keller et al., 1991; Vauchez et al., 1997) . The spatially consistent NE-SW fast orientations observed in the study area as well as the rest of southern Africa are mostly parallel to the APM predicted by the NUVEL-1A model, which suggests a plate motion rate of about 3 cm/yr. This is slightly above the threshold value of 2.5 cm/yr (Debayle and Ricard, 2013) , above which a moving plate is expected to exert simple shear to the asthenosphere and induce azimuthal anisotropy.
This model suggests a passive role of mantle flow in the initiation and development of the ORZ. Given the consistency between the APM and the fast orientations revealed by this and previous studies (Fig. 1) , we propose that simple shear in the direction of the APM developed in the upper asthenosphere contributes the bulk of the observed anisotropy. Deviations of the fast orientation observed in Area C can be explained as the modulation of flow by the topography of the bottom of the lithosphere, as proposed for North America (Fouch et al., 2000; Refayee et al., 2014) and northern Africa (Lemnifi et al., 2015) . The model is consistent with surface wave studies which demonstrate the existence of asthenospheric plate-parallel polarization of azimuthal anisotropy beneath southern Africa (Adam and Lebedev, 2012) , and with findings from a joint inversion of P-wave receiver functions and SWS waveforms (Vinnik et al., 2012) .
Conclusions
In this study, we employed recently recorded broadband seismic data in the vicinity of the ORZ to conduct the first SWS investigation of the incipient rift. The resulting mantle anisotropy shows a dominantly NE-SW orientation which is parallel to the African APM. Although significant contributions from the lithosphere to the observed anisotropy cannot be completely ruled out, spatial coherency analysis of the splitting parameters and correspondence with geological features suggest that the center of the approximately 120 km thick anisotropic layer is located between the depth of 240 and 280 km, implying an asthenospheric origin of anisotropy, probably as the result of simple shear in the boundary layer between the lithosphere and the asthenosphere. Comparison of the resulting SWS measurements with predicted mantle flow directions originating from an active mantle plume or edge-driven small-scale mantle convection suggests that neither is operating in the upper mantle beneath the incipient rift. The measurements support the rifting initiation model in which differential basal drag applied to cratonic blocks results in relative intra-plate movements, and leads to rifting along ancient orogenic zones, which are areas of mechanical weakness.
